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by subtracting AC and DC average values of the third signal
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DEVICE AND METHOD FOR REMOVAL OF
AMBIENT NOISE SIGNAL FROM A
PHOTOPLETHYSMOGRAPH

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a national phase application of PCT/
SG2012/000006 (hereinafter “international application™),
filed on Jan. 5, 2012. The international application claims
priority to U.S. patent application Ser. No. 13/010,705
(hereinafter “priority application™), filed on Jan. 20, 2011.
The priority application is hereby incorporated by reference
in its entirety.

TECHNICAL FIELD

The present invention relates broadly to a reflectance-
based optical measurement device and to a method for a
reflectance-based optical measurement.

BACKGROUND

Optical monitoring of physiological characteristics uti-
lizes the detection of light transmitted through a location of
a user being measured. Photoplethysmography (PPG) is an
optical measurement technique used to detect blood volume
changes in the microvascular bed of living tissue, typically
by detecting light transmitted through the ear lobe or fin-
gertip. As arterial pulsations enter the capillary bed, changes
in the volume of the blood vessels or characteristics of the
blood itself modify the optical properties of the capillary
bed. A PPG signal is used to measure saturation of peripheral
oxygen (SpO2), which is an estimation of the level of
oxygen saturation in a fluid, such as blood. The PPG signal
can also be used to measure blood pressure.

A device such as a pulse oximeter provides for measuring
enhanced optical pulsatile signals emitted by the changes in
the volume of blood flowing through a user. The pulse
oximeter typically has a pair of small light emitting diodes
(LEDs) facing a photodiode/photodetector, with a translu-
cent part of the user’s body, usually a fingertip or an earlobe,
positioned there between. The LEDs illuminate the tissue
(e.g. skin) of the user and the photodetector measures small
variations in light intensity associated with changes in
perfusion in a catchment volume. An oximeter in such a
configuration is typically called a transmittance-type oxime-
ter. The light from the LEDs passes through the tissue and
is detected by the photodiode. One LED is red, with wave-
length of approximately 660 nanometers (nm), and the other
is infrared, with a wavelength of approximately 905, 910 or
940 nm. Absorption at these wavelengths differs signifi-
cantly between oxyhemoglobin and its deoxygenated form.
Therefore, the ratio of oxyhemoglobin to deoxyhemoglobin
can be calculated from the ratio of the absorption of the red
and infrared light, i.e. the ratio of red light to infrared light
absorption of pulsating components at the measuring site.

For transmittance-type oximeters, a cuff or holder is
typically provided to function primarily as a holder for the
photodiode and also as a shield against ambient light. It has
been recognised that having a cuff or a holder/clip typically
enforces a fixed orientation of the part of the user’s body for
measurement. This may be undesirable to a user.

On the other hand, apart from transmittance-type oxime-
ters, there also exist reflectance-type oximeters. For reflec-
tance-type oximeters, the LEDs and the photodiode reside
on the same side of the translucent part of the user’s body.
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2

Light from the LEDs are reflected from the portion to be
measured and detected by the photodiode. For reflectance-
type oximeters, ambient light can be a significant factor in
accuracy of light detection by the photodiode. Thus, reflec-
tance-type oximeters typically still require a cuff or a holder/
clip to provide shielding against ambient light from inter-
fering with reflected light from the LEDs. This may be
undesirable to a user.

Furthermore, for certain types of reflectance-type oxime-
ters without clips, such as those in patch form, a shield is still
required on the base of the oximeter to provide the ambient
light shielding.

Further to the above, the inventors have recognised that a
typical oximeter has relatively complicated design consid-
erations centering on how to incorporate a power source
such that the oximeter can function as a standalone device.
This may delay development and increase production costs
for oximeters.

In addition, for oximeters, ambient light can interfere with
readings in the form of ambient noise. For example, ambient
light such as those from bilirubin lamps, fluorescent light,
infrared heating lamps and direct sunlight etc. can affect the
accuracy of SpO2 readings. As a brief introduction, SpO2
calculation is based on the AC and DC components of both
ared (RED) and an infra-red (IR) PPG signal. The Red PPG
signal is obtained when a red LED of e.g. about 660 nm is
reflected off the skin of a user. The IR PPG signal is obtained
when an IR LED emitting electromagnetic waves of e.g.
about 940 nm is reflected off the skin of a user.

Therefore, without removing ambient light interference
from the PPG signals, a true reading of Red or IR PPG
signals cannot be acquired. This in turn affects the calcula-
tion of SpO2. Typically, a third PPG signal, i.e. ambient
PPG, is obtained. This ambient PPG signal is a signal
obtained by a photodetector when both the IR and Red LEDs
are turned off. Typically, an on-the-fly point-by-point sub-
traction of the ambient signal from the Red and IR PPG
signals is carried out. However, it has been recognised by the
inventors that such processing is typically power consum-
ing. Digital reconstruction of PPG signals can also be time
consuming. It has also been recognised by the inventors that
the above processing may further typically require addi-
tional and relatively complicated multi-path circuitry, e.g. a
different signal path for Red, Infrared and/or ambient PPG
signals.

Thus, in view of the above, there exists a need for an
optical measurement device and method that seek to address
at least one of the above problems. There also exists a need
for a noise cancellation method and system that seek to
address at least one of the above problems.

SUMMARY

In accordance with an aspect of the present invention,
there is provided a method for removal of ambient noise
signal from an optical measurement, the method comprising
obtaining a first signal waveform based on detecting light
based on a first light illumination; obtaining a second signal
waveform based on detecting light based on a second light
illumination; tuning the first light and second light illumi-
nation such that the maximum amplitudes of the first and
second signal waveforms are maximised and within a pre-
determined saturation range, such that ambient light inter-
ference for the first and second signal waveforms is reduced;
obtaining a third signal waveform based on detecting ambi-
ent light; obtaining respective maximum and minimum
values of the first and the second signal waveforms; and
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deriving signal values of the first and second signal wave-
forms with the removal of ambient noise by using the
maximum and minimum values of the first and the second
signal waveforms.

The step of obtaining the third signal waveform may be
performed with both the first and second light illumination
switched off.

The first light illumination may be based on a red light
source and the second light illumination may be based on an
infra-red light source.

The method may further comprise applying one or more
optical filters to reduce ambient light interference.

The method may further comprise toggling between
switching on the first light illumination and switching on the
second light illumination in a toggling sequence to obtain
the first signal waveform and the second signal waveform.

The method may further comprise switching off both the
first light illumination and the second light illumination
before or after the toggling sequence for obtaining the third
signal waveform in an ambient light detection period.

The method may further comprise switching off both the
first light illumination and the second light illumination in a
time period At during the toggling sequence to reduce
crosstalk interference.

The method may further comprise obtaining alternating-
current (AC) values of the first, second and third signal
waveforms based on the respective maximum and minimum
values.

Direct-current (DC) and the AC values of the third signal
waveform can be average values obtained over a plurality of
cycles of different ambient light detection periods and based
on the maximum and minimum values of the third signal
waveform.

The method may further comprise determining a ratio R
based on using the DC and AC values of the first and second
waveforms and the average values obtained for the third
signal waveform; and wherein the ratio R is usable for
referencing a lookup table.

The method may further comprise obtaining alternating-
current (AC) values of the first and the second signal
waveforms based on the respective maximum and minimum
values obtained in one cycle.

Direct-current (DC) and AC values of the third signal
waveform can be average values obtained over a plurality of
cycles of different toggling sequences and ambient light
detection periods.

The method may further comprise determining a ratio R
for the one cycle based on using the DC and AC values of
the first and the second signal waveforms and the average
values obtained from the third signal waveform; wherein the
ratio R is usable for referencing a lookup table.

The method may further comprise determining an average
R value based on using the ratio R for the plurality of cycles;
and wherein the average R value is usable for referencing a
lookup table.

The light detected may be reflected light.

In accordance with another aspect of the present inven-
tion, there is provided a device for removal of ambient noise
signal from an optical measurement, the device comprising
a coupling member for receiving a first signal waveform
obtained based on detecting light based on a first light
illumination, a second signal waveform obtained based on
detecting light based on a second light illumination, and a
third signal waveform obtained based on detecting ambient
light, the coupling member suitable for coupling to an
optical measurement device; a processor module for obtain-
ing respective maximum and minimum values of the first
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and the second signal waveforms; and the processor
arranged to derive signal values of the first and second signal
waveforms with the removal of ambient noise by using the
maximum and minimum values of at least two of the first,
second and third signal waveforms; and wherein the first and
second light illumination are switched to a maximum inten-
sity such that the maximum amplitudes of the first and
second signal waveforms are maximised and within a pre-
determined saturation range, such that ambient light inter-
ference for the first and second signal waveforms is reduced.

The third signal waveform may be obtained with both the
first and second light illumination switched off.

The first light illumination may be based on a red light
source and the second light illumination may be based on an
infra-red light source.

The optical measurement device may be applied with one
or more optical filters to reduce ambient light interference.

The first signal waveform and the second signal wave-
form may be obtained based on toggling between switching
on the first light illumination and switching on the second
light illumination in a toggling sequence.

The third signal waveform may be obtained based on
switching off both the first light illumination and the second
light illumination before or after the toggling sequence in an
ambient light detection period.

Both the first light illumination and the second light
illumination can be arranged to be switched off in a time
period At during the toggle sequence to reduce crosstalk
interference.

The processor may be further arranged to obtain alternat-
ing-current (AC) values of the first, second and third signal
waveforms based on the respective maximum and minimum
values.

Direct-current (DC) and the AC values of the third signal
waveform may be average values obtained over a plurality
of cycles of different ambient light detection periods and
based on the maximum and minimum values of the third
signal waveform.

The processor may be further arranged to determine a
ratio R based on using the DC and AC values of the first and
second waveforms and the average values obtained for the
third signal waveform; and wherein the processor is config-
ured to use the ratio R for referencing a lookup table.

The processor may be further arranged to obtain alternat-
ing-current (AC) values of the first and the second signal
waveforms based on the respective maximum and minimum
values obtained in one cycle.

Direct-current (DC) and AC values of the third signal
waveform may be average values obtained over a plurality
of cycles of different toggling sequences and ambient light
detection periods.

The processor may be further arranged to determine a
ratio R for the one cycle based on using the DC and AC
values of the first and the second signal waveforms and the
average values obtained from the third signal waveform;
wherein the ratio R is usable for referencing a lookup table.

The processor may be further arranged to determine an
average R value based on using the ratio R for the plurality
of cycles; and wherein the processor can be configured to
use the average R value for referencing a lookup table.

The light detected may be reflected light.

In accordance with another aspect of the present inven-
tion, there is provided a computer readable data storage
medium having stored thereon computer code means for
instructing a processor of a feedback unit to execute a
method for removal of ambient noise signal from an optical
measurement, the method comprising obtaining a first signal
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waveform based on detecting light based on a first light
illumination; obtaining a second signal waveform based on
detecting light based on a second light illumination; tuning
the first light and second light illumination such that the
maximum amplitudes of the first and second signal wave-
forms are maximised and within a predetermined saturation
range, such that ambient light interference for the first and
second signal waveforms is reduced; obtaining a third signal
waveform based on detecting ambient light; obtaining
respective maximum and minimum values of the first and
the second signal waveforms; and deriving signal values of
the first and second signal waveforms with the removal of
ambient noise by using the maximum and minimum values
of the first and the second signal waveforms.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments of the invention will be better
understood and readily apparent to one of ordinary skill in
the art from the following written description, by way of
example only, and in conjunction with the drawings, in
which:

FIG. 1 illustrates a graphical representation of a photop-
lethysmograph (PPG) signal.

FIG. 2 is an illustration of an alternating current (AC)
pulse waveform of a PPG signal.

FIG. 3(a) is a schematic illustration of an optical mea-
surement device in an example embodiment.

FIG. 3(b) shows schematically an exploded view of the
optical measurement device.

FIG. 3(c) is a diagram illustrating optical transmission
characteristics of optical filtering in an example embodi-
ment.

FIG. 4 is a schematic diagram illustrating an optical
measurement device being coupled to a personal mobile
processing device in an example embodiment.

FIGS. 5(a) to (c¢) are schematic graphical representations
of'a Vraw signal, a Vac signal and a Vppg signal respectively
in an example embodiment.

FIG. 6 is a schematic illustration of a time waveform for
collecting data from infra-red and red light illumination in
an example embodiment.

FIG. 7 is a schematic block diagram illustrating circuitry
for obtaining information for SpO2 calculation in an
example embodiment.

FIG. 8 is a schematic graphical illustration of output
obtained at a light detector during a light emitting diode
(LED) firing sequence in an example embodiment.

FIG. 9(a) is a schematic timing wave diagram for toggling
on/off of an infra-red (IR) LED and a red (Red) LED in an
example embodiment.

FIG. 9(b) is an alternative schematic timing wave diagram
for toggling on/off of an IR LED and a Red LED in an
example embodiment.

FIG. 10(a) is a graph schematically illustrating signals
acquired at an analog to digital converter in an example
embodiment.

FIG. 10(b) is a graph schematically illustrating alternating
current (AC) signals acquired at an analog to digital con-
verter in an example embodiment.

FIG. 11(a) is a graph schematically illustrating filtered
DC signals in an example embodiment.

FIG. 11(4) is a graph schematically illustrating filtered AC
signals in an example embodiment.

FIG. 12(a) is a graph schematically illustrating filtered
DC signals for an ambient PPG signal in an example
embodiment.

10

15

20

25

30

35

40

45

50

55

60

65

6

FIG. 12(b) is a graph schematically illustrating filtered
AC signals for an ambient PPG signal in an example
embodiment.

FIG. 13(a) is an enlarged version of FIG. 11(a).

FIG. 13(b) is an enlarged version of FIG. 11(5).

FIG. 14(a) is an enlarged version of FIG. 12(a).

FIG. 14(b) is an enlarged version of FIG. 12().

FIG. 15 is a schematic graph illustrating PPG signals
obtained for a plurality of cycles in an example embodiment.

FIG. 16 is a schematic flowchart illustrating an exemplary
process for optical monitoring of physiological characteris-
tics of a user in an example embodiment.

FIG. 17(a) is a schematic flow diagram illustrating a
finger detection process in an example embodiment.

FIG. 17(b) is a schematic flow diagram illustrating an
ambient light detection process in an example embodiment.

FIG. 18 is a schematic flow diagram illustrating a light
intensity setting process in an example embodiment.

FIG. 19 is a schematic flow diagram illustrating a force
optimisation process in an example embodiment.

FIG. 20 is a schematic flow diagram illustrating a data
collection process in an example embodiment.

FIG. 21 is a schematic flow diagram illustrating compu-
tation of physiological characteristics of a user in an
example embodiment.

FIG. 22 is an illustration of a cross-section of a blood
vessel when a low external pressure is applied.

FIG. 23 is an illustration of the cross-section of the blood
vessel when a high external pressure is applied.

FIG. 24 is a graphical illustration of the amplitude of a
measured PPG signal in comparison with an amount of
applied external pressure in a state of zero transmural
pressure.

FIGS. 25(a) and (b) are schematic expanded view illus-
trations of an optical measurement device in an example
embodiment.

FIG. 26 is a block diagram schematically illustrating an
embodiment of a computer/server system suitable for imple-
menting an example embodiment.

FIG. 27 schematically illustrates a graphical comparison
of'a graph of measured voltage of a PPG signal over time in
correspondence to a graph of an applied amount of pressure
over time in an example embodiment.

FIGS. 28(a) and (b) schematically illustrate a graphical
user interface (GUI) of a feedback unit in coupling relation-
ship to an optical measurement device in an example
embodiment.

FIG. 28(c) schematically illustrates a graphical user inter-
face (GUI) of a feedback unit for indicating whether a user
should adjust the amount of pressure to provide more, less
or the same amount in an example embodiment.

FIGS. 29(a) to (¢) are schematic graphical representations
showing a correlation between a PPG waveform and an
applied pressure in an example embodiment.

FIGS. 30(a) and (b) schematically illustrate a feedback
unit/personal mobile processing device coupled to an optical
measurement device configured in a landscape orientation in
an example embodiment.

FIGS. 31(a) and (b) are schematic expanded view illus-
trations of using an optical measurement device to interact
with a surface portion of a user for measurement in an
example embodiment.

FIG. 32 is a schematic flow chart illustrating a method of
measuring a PPG signal on an optical measurement device
coupled to a feedback unit and using feedback from a
pressure detection assembly in an example embodiment.
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FIG. 33 shows a simplified exemplary representative
circuit diagram for implementing a piezo-based sensing
device in an example embodiment

FIG. 34 is a schematic flowchart for illustrating a method
for removal of ambient noise signal from an optical mea-
surement in an example embodiment.

FIG. 35 shows how a signal forms at an analog to digital
converter when two LEDs toggle and when both LEDs are
switched off in an example embodiment.

DETAILED DESCRIPTION

The example embodiments described herein can provide
an optical measurement device and method that can obtain
a photoplethysmography (PPG) signal from a user. The
measurements in the example embodiments are non-inva-
sive optical physiological measurements.

In an example implementation, a reflectance-based optical
measurement device can be provided that functions as an
accessory to a personal mobile processing device. The
personal mobile processing device can be a mobile phone,
smartphone, personal digital assistant (PDA), mobile music
player, tablet, netbook or laptop, although this list is not
exhaustive by any means. In such a function, the accessory
is not meant to affect the main workings or functions of the
personal mobile processing device. In example implemen-
tations, the optical measurement device is preferably smaller
than a palm-sized object for portability.

The measurement device comprises a coupling member
that can provide coupling between the measurement device
to the personal mobile processing device in a cableless
configuration. In the description, cableless is taken to
include a connection that is without the use of wires or
cables extending from the personal mobile processing
device to the optical measurement device.

In the example implementation, the measurement device
is provided without a holder or clip or cuff, i.e. the mea-
surement device is holderless, for engaging a surface por-
tion, such as a finger tip of a user, for measurement. A
measurement surface is provided for the measurement
device such that the user can access the measurement
surface using the surface portion for measurement. With the
measurement device being holderless, the surface portion of
the user can access the measurement surface from all direc-
tions in a single plane. The single plane may be on a same
plane as the measurement surface.

In the example implementation, the measurement device
is used for illuminating a surface portion of the user and
detecting reflected light from the surface portion. The mea-
surement device, being meant as an accessory, transmits the
detected light information to another device, for e.g. the
personal mobile processing device, to carry out further
processing, e.g. for removal of ambient light interference for
SpO2 values determination. It will be appreciated that some
extent of ambient light interference can be allowed in the
light detection at the measurement device given that the
measurement device does not provide shielding for light
reflection. Thus, in the example implementation, the mea-
surement device is not processor-intensive, e.g. may not
require a processor, and can therefore function without a
dedicated power supply such as a battery. Thus, the mea-
surement device can be manufactured to be relatively small
as compared to conventional devices.

In the example implementation, the measurement device
is in a substantially non-deformable form, as opposed to
patch-type oximeters. The measurement surface of the mea-
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surement device is also preferably non-adhesive to reduce
the likelihood of inconvenience to users.

Before proceeding to more fully describe some example
embodiments, it may be beneficial to briefly describe com-
ponents of a PPG signal.

FIGS. 1 and 2 are provided to briefly describe components
of'a PPG signal. FIG. 1 illustrates a graphical representation
of a photoplethysmograph (PPG) signal 100, which can
generally be divided into two components: an AC compo-
nent 102 due to the absorption of light in pulsatile arterial
blood volume 106; and a DC component 104 caused by the
absorption produced by non-pulsatile arterial blood—i.e.
venous blood and capillary blood 108, and tissue absorption
110.

In FIG. 1, this AC component 102 is superimposed onto
a large quasi-DC component 104 that relates to the tissues
and to the average blood volume. This DC component 104
varies slowly due to respiration, vasomotor activity and
vasoconstrictor waves. With suitable electronic filtering and
amplification, both the AC component 102 and DC compo-
nent 104 can be extracted for subsequent pulse wave analy-
sis.

Two significant characteristics of the PPG AC pulse
waveform 102 have been described and are illustrated in
FIG. 2, where the appearance of the pulse waveform was
defined as two phases: a first anacrotic phase 112 being the
rising edge of the pulse, and a second catacrotic phase 114
being the falling edge of the pulse. The first phase 112 is
primarily concerned with systole, while the second phase
114 represents diastole and wave reflections 116 from the
periphery. A dicrotic notch 118 is usually seen in the second
catacrotic phase 114 of subjects with healthy compliant
arteries.

In the following detailed description, reference will be
made to the accompanying drawings. The aforementioned
accompanying drawings show by way of illustration and not
by way of limitation, specific embodiments and implemen-
tations consistent with principles of the present invention.
These implementations are described in sufficient detail to
enable those skilled in the art to practice the invention, and
it is to be understood that other implementations may be
utilized and that structural changes and/or substitutions of
various elements may be made without departing from the
scope of the present invention. The following detailed
description is, therefore, not to be construed in a limited
sense. Additionally, the various embodiments as described
may be implemented in the form of software running on a
general purpose computer, in the form of a specialized
hardware, or combination of software and hardware.

The terms “coupled” or “connected” as used in this
description are intended to cover both directly connected or
connected through one or more intermediate means, unless
otherwise stated.

The description herein may be, in certain portions, explic-
itly or implicitly described as algorithms and/or functional
operations that operate on data within a computer memory
or an electronic circuit. These algorithmic descriptions and/
or functional operations are usually used by those skilled in
the information/data processing arts for efficient description.
An algorithm is generally relating to a self-consistent
sequence of steps leading to a desired result. The algorithmic
steps can include physical manipulations of physical quan-
tities, such as electrical, magnetic or optical signals capable
of being stored, transmitted, transferred, combined, com-
pared, and otherwise manipulated.

Further, unless specifically stated otherwise, and would
ordinarily be apparent from the following, a person skilled
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in the art will appreciate that throughout the present speci-
fication, discussions utilizing terms such as “scanning”,
“calculating”, “determining”, “replacing”, “generating”,
“Initializing”, “outputting”, and the like, refer to action and
processes of a instructing processor/computer system, or
similar electronic circuit/device/component, that manipu-
lates/processes and transforms data represented as physical
quantities within the described system into other data simi-
larly represented as physical quantities within the system or
other information storage, transmission or display devices
etc.

The description also discloses relevant device/apparatus
for performing the steps of the described methods. Such
apparatus may be specifically constructed for the purposes
of the methods, or may comprise a general purpose com-
puter/processor or other device selectively activated or
reconfigured by a computer program stored in a storage
member. The algorithms and displays described herein are
not inherently related to any particular computer or other
apparatus. It is understood that general purpose devices/
machines may be used in accordance with the teachings
herein. Alternatively, the construction of a specialized
device/apparatus to perform the method steps may be
desired.

In addition, it is submitted that the description also
implicitly covers a computer program, in that it would be
clear that the steps of the methods described herein may be
put into effect by computer code. It will be appreciated that
a large variety of programming languages and coding can be
used to implement the teachings of the description herein.
Moreover, the computer program if applicable is not limited
to any particular control flow and can use different control
flows without departing from the scope of the invention.

Furthermore, one or more of the steps of the computer
program if applicable may be performed in parallel and/or
sequentially. Such a computer program if applicable may be
stored on any computer readable medium. The computer
readable medium may include storage devices such as
magnetic or optical disks, memory chips, or other storage
devices suitable for interfacing with a suitable reader/gen-
eral purpose computer. The computer readable medium may
even include a wired medium such as exemplified in the
Internet system, or wireless medium such as exemplified in
bluetooth technology. The computer program when loaded
and executed on a suitable reader effectively results in an
apparatus that can implement the steps of the described
methods.

The example embodiments may also be implemented as
hardware modules. A module is a functional hardware unit
designed for use with other components or modules. For
example, a module may be implemented using digital or
discrete electronic components, or it can form a portion of
an entire electronic circuit such as an Application Specific
Integrated Circuit (ASIC). A person skilled in the art will
understand that the example embodiments can also be
implemented as a combination of hardware and software
modules.

In some example embodiments, saturation of peripheral
oxygen (SPO2) information of a user is derivable from
detected output light information from both a red LED and
an infra-red LED. Further, in the description herein, the term
“light” as used herein is meant to be interpreted in a broad
sense and is not limited to visible light only. The term “light”
as used herein can include, but is not limited to, X-ray light
rays, visible light rays, ultraviolet light rays and infra-red
light rays.
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FIG. 3(a) is a schematic illustration of an optical mea-
surement device in an example embodiment. FIG. 3(b)
shows schematically an exploded view of the optical mea-
surement device.

The optical measurement device 300 is a reflectance-
based device in the example embodiment. The optical mea-
surement device 300 comprises an illumination and detec-
tion assembly 302 encased in a housing 304. In the exploded
view in FIG. 3(b), the housing 304 is shown divided into a
top casing 306 and a base casing 308. The top casing 306
comprises a measurement surface 310, shown schematically
with dotted lines. The measurement site/surface 310 is
coupled to a light source 312 and one or more light detectors
e.g. 314 of the illumination and detection assembly 302. The
optical measurement device 300 further comprises a cou-
pling member 316 that can provide coupling between the
measurement device 300 to a personal mobile processing
device/feedback unit (not shown) in a cableless configura-
tion. The coupling member 316 may be in the form of an
interface port such as a universal serial bus (USB) port or the
30 pin connection used in the Apple® iPhone® (Apple
Computer, Inc., Cupertino, Calif.) etc.

In the example embodiment, the light source 312 can
propagate light through a surface portion of a user for
measurement, e.g. a portion of living tissue of the user
placed at the measurement site. The light detectors e.g. 314
can detect light reflected from the portion of living tissue of
the user. The detected light information at the light detectors
e.g. 314 can be transmitted via the coupling member 316 to
a personal mobile processing device (not shown), for
example, for further processing.

In the example embodiment, optionally, a pressure detec-
tion assembly 318 may be provided in the optical measure-
ment device 300. The pressure detection assembly 318 can
be configured to detect and transmit to a personal mobile
processing device (not shown) an amount of pressure
applied by a body part of a user to the measurement device
300 during optical measurement. The pressure information
can be used, for example but not limited to, to detect whether
a body part has been placed on the measurement device
and/or whether the pressure exerted by a body part is
sufficient for accurate readings to be obtained.

The optical measurement device 300 can additionally be
integrated with optical filters e.g. 320 to minimize the
disturbance from ambient light. In the example embodiment,
an edge filter with optical transmission characteristics can be
used.

FIG. 3(c) is a diagram illustrating optical transmission
characteristics of optical filtering in an example embodi-
ment. In this example embodiment, wavelengths of light
below about 600 nm is filtered out and prevented from
reaching the light detectors e.g. 314. This can be effective as
the wavelengths of interest are that of e.g. about 600 nm and
about 940 nm only. Alternatively, filters which target specific
wavelengths of interest can be used. For example, filters
which, e.g. when used in combination, allow transmission of
light from about 600-700 nm, and about 900-1000 nm can
be used. Alternatively, a single filter which allow transmis-
sion of light from about 600-1000 nm can be used alone.

FIG. 4 is a schematic diagram illustrating an optical
measurement device 400 being coupled to a personal mobile
processing device in an example embodiment. The optical
measurement device 400 functions substantially identical to
the measurement device 300 described with reference to
FIGS. 3(a) and (b). The optical measurement device 400
comprises a sensing portion 402 that in turn comprises an
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illumination and detection assembly 404 and optionally, a
pressure detection assembly or pressure/force sensing por-
tion 406. The illumination and detection assembly 404
comprises one or more photodetectors e.g. 408, a red LED

12
PPG waveform. Optionally, FS sets out to provide informa-
tion of the amount of pressure applied to the illumination
and detection assembly 404. An example of the data decod-
ing format is show in Table 1 below.

TABLE 1

Data Decoding Format

Time DC1 DC2 PPGl PPG2 FS DC1 DC2 PPG1  PPG2 FS

(ms) Data from Device (Hex) (Hex) (Hex) (Hex) (Hex) V) V) V) V) V)
0 FOE20A01023A01F00350055E 0701 023A O01F0 0350 O55E  2.8905 09189 0.7996 1.3671 2.2150
8 FOE20A01023A02A80347056D 0701 023A 02A8 0347 056D  2.8905 0.9189 1.0962 1.3526 2.2392
16 FOE20A01023A031802B7057A 0701 023A 0318 02B7 057A  2.8905 09189 1.2768 1.1204 2.2602
24 FOE20A01023A0314026D0584 0701 023A 0314 026D 0584  2.8905 09189 1.2703 1.0011 2.2763
32 FOE20A01023A029E02D0058C 0701 023A 029E 02D0 058C  2.8905 09189 1.0801 1.1607 2.2892
40 FOE20A01023A01E303550591 0701 023A O01E3 0355 0591  2.8905 09189 0.7787 13751 2.2973
48 FOE20A01023A012D03400592 0701 023A 012D 0340 0592  2.8905 09189 0.4852 1.3413 2.2989
56 FOE20A01023A00C402AFE0591 0701 023A 00C4 02AE 0591  2.8905 09189 0.3160 1.1059 2.2973
64 FOE20A01023A00D0026E058D 0701 023A 00DO 026E 058D  2.8905 0.9189 0.3353 1.0027 2.2908
72 FOE20A01023A014D02DB0585 0701 023A 014D 02DB 0585  2.8905 09189 0.5368 1.1785 2.2779
80 FOE20A01023A0209035A057B 0701 023A 0209 035A 057B  2.8905 0.9189 0.8399 1.3832 2.2618
88 FOE20A01023A02BCO0338056E 0701 023A 02BC 0338 056E  2.8905 0.9189 1.1285 1.3284 2.2408
96 FOE20A01023A031F02A5055F 0701 023A 031F 02A5 O055F  2.8905 09189 1.2881 1.0914 2.2167
104 FOE20A01023A030B0270054E 0701 023A 030B 0270 054E  2.8905 09189 1.2558 1.0060 2.1893
112 FOE20A01023A028802E5053B 0701 023A 0288 02E5 053B  2.8905 0.9189 1.0447 1.1946 2.1586
120 FOE20A01023A01F00350055E 0701 023A 01C9 035E 0526  2.8905 09189 0.7367 1.3896 2.1248

25

light source 410 and an infra-red LED light source 412. The
measurement device 400 is shown coupled to the personal
mobile processing device 414 which can be, for example but
not limited to, an Apple® iPhone® (Apple Computer, Inc.,
Cupertino, Calif.).

A processing module 416 of the optical measurement
device 400 is exploded for better illustration. The functions
of the processing module 416 can be provided by hardware
and/or firmware of the optical measurement device 400.

In use, after establishing a physical connection of the
illumination and detection assembly 404 with the personal
mobile processing device 414, a microcontroller unit (MCU)
418 in the optical measurement device 400 can extract
information for authentication purposes prior to sending of
data to the personal mobile processing device 414. This
authentication process may be specific to the iPhone®, as
Apple® requires that any device using the 30 pin connector
purchase an authentication token from Apple®. It will be
appreciated that variations or elimination of the above
process is possible depending on the personal mobile pro-
cessing device 414.

With the example of an iPhone®, communication is
enabled via the Universal Asynchronous Receiver/Transmit-
ter (UART) protocol from the 30 pin connector of the
iPhone®. Strings of data are sent to UART every 8 milli-
seconds from the MCU 418 to the iPhone®.

In the example embodiment, the data is comprised of 2
bytes of header and 10 bytes of payload. The payload is
sub-divided into 5 parts, each comprising 2 bytes of data, i.e.
DCI1(IR), DC2(Red), PPG1 (IR), PPG2 (Red) and FS (Force
Sensor). This data is obtained in a HEX file format and is
then converted to back to voltage (V). It will be appreciated
that variations of the data/payload is possible depending on
the desired application, for example, whether or not the
force sensing portion 406 is included in the device 400.

With reference to FIG. 1, DC1 and DC2 provide infor-
mation for the DC component 104 of a PPG waveform, thus
enabling calculation for saturation of peripheral oxygen, or
SpO,. PPG1 and PPG2 establish an actual PPG waveform
and provide information for the AC component 102 of the
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Turning to FIG. 4, in the example embodiment, the LEDs
410, 412 illuminate a user’s part or surface portion for
measurement. A raw PPG signal is detected at the photode-
tector 408.

A raw PPG signal includes DC and AC components, both
of which contain information for waveform analysis. Signal
conditioning is therefore performed to obtain the informa-
tion for further processing at the personal mobile processing
device 414. An exemplary signal conditioning process is
described below.

To determine the DC component of the PPG signal, a raw
signal 420 obtained from the photodetector 408 is digitized
at an Analog-to-Digital converter (ADC1) 422. The digi-
tized signal is passed on to both a infra-red buffer (IR) 424
and a red buffer (Red) 426 accordingly, which can each store
up to 100 samples before sending collated data to a proces-
sor 428.

Using the raw samples, a baseline DC component can be
determined by the processor 428. At the processor 428, the
digital values for Vsub (IR) and Vsub (RED) (i.e. the DC
components) are calculated. The Vsub signals are subse-
quently converted by a digital-to-analog converter (DAC)
430 to provide resultant digital Vsub signals 432.

The determined DC component (Vsub) 432 is then sub-
tracted from the raw signal, Vraw (at numeral 420) to obtain
Vac 432. The new raw signal, Vac 432, then undergoes a
second stage amplification at a second stage amplifier 436 to
obtain Vppg 438, where the signal to noise ratio is improved
as compared with Vraw 420.

The resolution of the new raw signal Vppg 438 is
enhanced substantially when digitized at an Analog-to-
Digital converter ADC2 440.

FIGS. 5(a) to (¢) are schematic graphical representations
of'a Vraw signal, a Vac signal and a Vppg signal respectively
in an example embodiment. A determined DC component
Vsub is subtracted from a raw signal Vraw to obtain a Vac
signal. The new raw signal Vac then undergoes a second
stage amplification at a second stage amplifier to obtain a
Vppg signal, where the signal to noise ratio is improved as
compared with the Vraw signal from FIG. 5(a).
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FIG. 6 is a schematic illustration of a time waveform for
collecting data from infra-red and red light illumination in
an example embodiment. Reference is made to components
of FIG. 4. An MCU clock 600 of the MCU 418 is set to
toggle at a predetermined interval to accommodate retriev-
ing results from both LED(IR) 412 and LED(RED) 410
during a respective first interval 602 and second interval
604. In the example embodiment, the interval 606 is set to
4 milliseconds. The data collection sequence is then repeated
in the third interval 608 and fourth interval 610 etc. Before
each toggle between the two LEDs 410, 412, data from
ADC1 422 and ADC2 440 are taken and sent to the UART
to the personal mobile processing device 414, for example,
for further processing.

Therefore, in the above described example embodiment,
an illumination and detection assembly and preferably, a
pressure detection assembly, may be integrated as a single,
compact optical measurement device surrounded by a hous-
ing for portable use. Thus, the housing can provide structural
rigidity as compared to e.g. conventional plaster-type
devices. The optical measurement device is substantially
non-deformable and can comprise a substantially non-adhe-
sive measurement surface.

The optical measurement device can be provided without
a holder or clip or cuff, i.e. the measurement device is
holderless. Further, a measurement surface can be provided
for the measurement device such that a user can access the
measurement surface using a surface portion, such as a
finger tip of the user, for measurement. With the measure-
ment device being holderless, the surface portion of the user
can access the measurement surface from all directions in a
single plane. The single plane may be on a same plane as the
measurement surface.

Furthermore, detected light information can be transmit-
ted to another device, for e.g. the feedback unit/personal
mobile processing device, to carry out further processing.
Thus, the measurement device is not processor-intensive,
e.g. may not require a processor, and can therefore function
without a dedicated power supply such as a battery. Thus,
the measurement device can be manufactured to be rela-
tively small as compared to conventional devices.

It is appreciated that the detected light information or
Vppg signal transmitted to the personal mobile processing
device has a substantial extent of ambient light interference.
Therefore, ambient light or noise cancellation is performed
at the personal mobile processing device. The description
below relating to ambient noise cancellation for SPO2
calculations can be implemented through software and/or
hardware modules. The hardware modules can comprise
electronic circuitry or dedicated application chips such as an
ASIC chip. A graphical user interface (GUI) may be pro-
vided, such as an “app” or software application on a smart-
phone, to be run on the personal mobile processing device
to implement and display the ambient noise cancellation.

To determine SpO2 values, for example, a proprietary
lookup table is typically provided by manufacturers. A
calculated ratio R is used for referring to the lookup table to
determine SpO2 values.

R is defined as,
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where AC, DC refer to alternating current and direct current
values respectively. The conditions IR and R refer to con-
ditions whereby infra-red light and red light are used respec-
tively. It is noted that ambient light noise is usually sub-
tracted or removed in the R calculations.

In example embodiments, there can be provided a method
and system for noise cancellation, e.g. for SpO2 measure-
ments. In one example embodiment, AC and DC values are
respectively obtained for a Red PPG signal measurement, an
IR PPG signal measurement and an ambient PPG signal
measurement (where both the red and IR LEDs are turned
off). The maximum and minimum values of the PPG signal
measurements are determined. A SpO2 value based on a
ratio R value calculated using the determined maximum and
minimum values can then be determined.

Advantageously, in the example embodiment, a signal
reconstruction of true Red and/or IR PPG signals to remove
ambient signal interference can be avoided. The inventors
have recognised that by identifying and utilising only sig-
nificant information for SpO2 calculation, an efficient and
accurate calculation can be carried out. The inventors have
recognized that by using only the maximum and minimum
values of the respective red, IR and ambient signal pulses,
the calculation of SpO2 can be carried out. For example, a
maximum of the true Red PPG signal (devoid of ambient
noise) can simply be obtained by subtracting the obtained
maximum value of the Red PPG signal, obtained when the
Red LED is turned on, with the obtained maximum value of
the ambient PPG signal, i.e. when none of the LEDs is
turned on.

In other words, instead of reconstructing a true Red PPG
signal (devoid of ambient signal) and a true IR PPG signal
(devoid of ambient signal), advantageously, reconstruction
is avoided in example embodiments, and only the maximum
and minimum values of 3 PPG signals are obtained for
analysis to obtain SpO2 value. This can minimise processing
and consume less power.

A feedback unit/personal processing device can be pro-
vided for removal of ambient noise signal from an optical
measurement in an example embodiment. The device can
comprise a coupling member e.g. for coupling to an optical
measurement device. The coupling member can receive a
first signal waveform obtained based on detecting light
based on a first light illumination, a second signal waveform
obtained based on detecting light based on a second light
illumination, and a third signal waveform obtained based on
detecting ambient light. The device can also comprise a
processor module that can obtain respective maximum and
minimum values of at least two of the first, second and third
signal waveforms; and the processor can derive signal
values of the first and second signal waveforms with the
removal of ambient noise by using the maximum and
minimum values of at least two of the first, second and third
signal waveforms.

FIGS. 4, 5 and 6 can relate to one or more example
implementations/applications of e.g. the optical measure-
ment device 300. FIGS. 7 to 21 can provide further example
implementations/applications of the optical measurement
device. It will be appreciated by a person skilled in the art
that the methods or algorithms etc. described may have steps
or components which may be used in combination or in
place of each other.

FIG. 7 is a schematic block diagram illustrating circuitry
for obtaining information for SpO2 calculation in an
example embodiment. The circuitry is provided in an optical
measurement device that is external a personal mobile
processing device. At block 704, the photodetector (compare
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408 FIG. 4) coupled to a transimpedance amplifier is
arranged to detect light information. These components are
coupled a high-pass filter module 706 that is in turn coupled
to a voltage follower module 708. The voltage follower
module 708 is coupled to a non-inverting amplifier module
710 that is in turn coupled to a non-inverting summing
amplifier module 712. An output of the non-inverting sum-
ming amplifier module 712 is coupled to ADC2 of a MCU
714 (compare 440, 418 FI1G. 4). Further, an output of block
704 is coupled to ADC1 of the MCU 714 (compare 422, 418
FIG. 4).

FIG. 8 is a schematic graphical illustration of output
obtained at a light detector (compare 704 of FIG. 7) during
a light emitting diode (LED) firing sequence in an example
embodiment. During an Ambient (Am) or OFF condition
802, both the IR and RED LEDs are turned off, and an
ambient PPG signal 804 can be obtained. During a toggling
sequence 806, the IR and RED LEDs are alternatingly
turned on. The MCU can then perform time based de-
multiplexing to extract the respective IR and RED PPG
signals. An example of de-multiplexed signals can be
observed in FIG. 11(b). The IR PPG signals (in bold) and
Red PPG signals (dotted) can be obtained. Another example
of de-multiplexed signals can be provided whereby indi-
vidual sampled points are represented, rather than the com-
plete waveforms formed by the individual points.

FIG. 9(a) is an exemplary schematic timing wave diagram
for toggling on/off of an IR LED and a Red LED. FIG. 9(4)
is an alternative schematic timing wave diagram for toggling
on/off of an IR LED and a Red LED in an example
embodiment. FIG. 9(b) is a modification of FIG. 9(a) to
allow an ambient PPG signal to be obtained. FIG. 9(5) also
illustrates a toggling sequence within sequence 806 of FIG.
8. There is a relatively brief period At 902 between each
toggling, e.g. about 100 us, when both the Red and IR LEDs
are turned off. Each LED is turned on for about 2.9 ms e.g.
numeral 904, which makes each toggling cycle to be about
6 ms. This can improve the IR and Red PPG signals
accuracy. The brief period At 902 allows a time break
between switching from a Red and IR signal condition (or
vice versa). This may be useful to a single path system
whereby detection of the red and IR signals are performed
using the same circuitry. The brief period At 902 introduced
can ensure that each detected Red and IR light information
displays its own behavior. The inventors have recognised
that if there is no break e.g. provided by period At 902, the
light signal of the previously switched on LED may still be
present in the processing path. That is, using the brief period
can reduce “crosstalk” issues.

In some example embodiments, the intensity of each IR
and Red LED is further tuned such that the output at the
photodetector shows a response of between 2V-2.5V (at
ADC1). That is, the inventors have recognized that the
effects of ambient light signals can be reduced as much as
possible by tuning the intensities of the IR and Red LEDs to
be maximized as long as the photodetector has not reached
saturation. In the example embodiment, the saturation volt-
age is based on the Vcc used and is about 3.3V.

Thus, the inventors have recognized that ambient light
interference can be minimized as compared to the IR and
Red signals detected. Thus, in the example embodiment,
detection of the ambient signal can be conducted in its own
ambient detection period before or after the toggling
sequence of the IR and Red light sources.

Returning to FIG. 7, the output from block 704 is trans-
mitted to the high-pass filter module 706 and in turn to the
voltage follower module 708 to remove the DC component
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from the PPG signal. The remaining AC component is
amplified by the non-inverting amplifier module 710 to
maximize the peak-to-peak amplitude of the PPG signal. In
an example embodiment, the AC component is amplified to
about 0-3.3V with a gain of about 10-40 times. Thereafter,
a non-inverting summing amplifier 712 introduces an arbi-
trary DC component to the AC signal such that the signal
oscillates about the arbitrary DC value.

As seen in FIG. 7, ADC1 provides the DC portion of the
measured signal and ADC2 provides the AC portion of the
measured signal.

FIG. 10(a) is a graph illustrating signals acquired at an
analog to digital converter (compare ADC1 of FIG. 7) in an
example embodiment. The y-axis is in terms of mV and the
x-axis is in terms of ms. Numeral 1002 shows the signals
obtained when the Red and IR LEDs are turned on during
the toggling sequence 806 (FIG. 8). Numeral 1004 shows
the signals obtained when the Red and IR LEDs are turned
off during the OFF condition 802 (FIG. 8). As shown, the
amplitude of the signals obtained during the toggling
sequence 806 (FIG. 8) is notated as x'.

FIG. 10(b) is a graph illustrating AC signals acquired at
an analog to digital converter (compare ADC2 of FIG. 7) in
an example embodiment. The y-axis is in terms of mV and
the x-axis is in terms of ms. Numeral 1006 shows the AC
signals when the Red and IR LEDs are turned on during the
toggling sequence 806 (FIG. 8). Numeral 1008 shows the
AC signals when the Red and IR LEDs are turned off during
the OFF condition 802 (FIG. 8). The IR signals are shown
with solid lines at 1010 and the Red signals are shown with
dotted lines at 1012. With the amplification provided in FIG.
7, as shown, the difference between the Red and IR detected
AC signals is notated as 10x', i.e. a gain of about 10 times
has been provided.

The IR condition refers to when only the IR LED is turned
on, while the Red condition refers to when only the Red
LED is turned on. The IR and/or the Red conditions are
illustrated in FIGS. 9(a) and 9(4). That is, even if the brief
time period At 902 is included, the respective condition, Red
or IR, is still relevant given the longer preceding amount of
time when one of the LEDs is turned on. The ambient
condition refers to when none of the LEDs are turned on, and
the signal is obtained due to the ambient light conditions.
See numeral 802 of FIG. 8.

With the AC and DC signal portions, the inventors have
recognised that significant information can be further
extracted for SpO2 calculation. Using the circuit of FIG. 7,
it can be seen from FIGS. 10(a) and (b) that the AC and DC
components of the Red and IR PPG signals are larger than
those of the ambient PPG signal. Therefore, the contribution
of the ambient PPG signal is less significant compared with
the contribution of the RED or IR PPG signals. This can
provide for a more accurate SpO2 calculation. That is, in
example embodiments, the LED illumination intensity can
be tuned to a level that provides for detected signals that
provide as high a detected voltage as possible, without
saturating the signals. The intensity can be controlled by the
MCU. The tuning can ensure that both Red and IR signals
transmitted to ADC1 can reach an amplitude level signifi-
cantly higher than Ambient signals transmitted to ADCI.
For example, if an Ambient signal at ADC1 is about 0.5V,
both Red and IR signals at ADC1 can preferably be set at
about 2V or above. This is described and illustrated in more
detail below with FIG. 18. In addition, there can be steps
taken to ensure that detected Ambient light signals are not
too high. Exemplary steps are described and illustrated in
more detail below with FIG. 17(b).
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Based on the LED firing sequence as illustrated in FIG. 8,
the data obtained at ADC1 and ADC2 can be processed to
select the AC and DC components of the IR, Red and
Ambient conditions.

The signals shown in FIGS. 10(a) and (b) can undergo
further digital signal processing steps. The modules for such
processing may not be all shown in FIG. 7. In the example
embodiment, the DC data is passed through a low pass filter
(e.g. filtering >0.8 Hz) and the AC data can be passed
through a band pass filter (e.g. filtering <0.5 Hz and >30 Hz)
(not shown in FIG. 7).

FIG. 11(a) is a graph illustrating filtered DC signals in an
example embodiment. The y-axis is in terms of mV and the
x-axis is in terms of ms. The graph shows filtered DC signals
of when the Red and IR LEDs are turned on during the
toggling sequence 806 (FIG. 8). The IR signals are shown
with solid lines at 1102 and the Red signals are shown with
dotted lines at 1104.

FIG. 11(b) is a graph illustrating filtered AC signals in an
example embodiment. The y-axis is in terms of mV and the
x-axis is in terms of ms. The graph shows filtered AC signals
of when the Red and IR LEDs are turned on during the
toggling sequence 806 (FIG. 8). The IR signals are shown
with solid lines at 1106 and the Red signals are shown with
dotted lines at 1108.

FIG. 12(a) is a graph illustrating filtered DC signals for an
ambient PPG signal in an example embodiment. The y-axis
is in terms of mV and the x-axis is in terms of ms. The graph
shows filtered DC signals 1202 when the Red and IR LEDs
are turned off during the OFF condition 802 (FIG. 8).

FIG. 12(b) is a graph illustrating filtered AC signals for an
ambient PPG signal in an example embodiment. The y-axis
is in terms of mV and the x-axis is in terms of ms. The graph
shows filtered AC signals 1204 when the Red and IR LEDs
are turned off during the OFF condition 802 (FIG. 8).

From FIGS. 11(5) and 12(5), the maximum and minimum
points for each cycle, and the corresponding data and time
for those maximum and minimum points are identified, see
t1 and t3. It will be appreciated that the maximum and
minimum values can be obtained using any peak detection
techniques.

FIG. 13(a) is an enlarged version of FIG. 11(a), focusing
on a specific period between t; to t; of the filtered DC signal.
The IR signals are shown with solid lines at 1302 and the
Red signals are shown with dotted lines at 1304.

FIG. 13(b) is an enlarged version of FIG. 11(b), focusing
on a specific period between t, to t; of the filtered AC signal.
The IR signals are shown with solid lines at 1306 and the
Red signals are shown with dotted lines at 1308. The
maximum point data at t1 and t3 are identified as IR1, R1,
1IR3, R3 accordingly. See numerals 1310, 1312 respectively.
The minimum point data at t2 is identified as IR2, R2. See
numeral 1314.

FIG. 14(a) is an enlarged version of FIG. 12(a) focusing
on a specific period between t1 to t3 of the filtered DC
signal.

FIG. 14(b) is an enlarged version of FIG. 12(5), focusing
on a specific period between t1 to t3 of the filtered AC signal.
The maximum point data at t1 and t3 are identified as A1, A3
accordingly. The minimum point data at t2 is identified as
A2.

It should be noted that the notations such as t1, t2, t3 are
arbitrary notations for signifying three timings and are not
the same when referred to for an IR condition, a Red
condition and an Ambient condition.

It will be appreciated that in an ideal situation, e.g. with
individual photodetectors and signal paths for all 3 condi-
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tions (IR, Red and Ambient), and perfectly noise free
conditions, all peaks and troughs may in theory occur at the
same points. In other words, t1, t2 and t3 are the same when
referring to the various conditions. In the present examples,
because a single path is utilized, a peak sampled during the
IR condition cannot be simultaneously measured for the R
condition. As such, there are minor differences in peak and
trough, e.g. t1, 12 and t3, times. If sampling is on a basis of
IR, Red and Ambient conditions i.e. one sample per condi-
tion, it can be expected that the peaks and troughs of the
respective signals (IR, R and Ambient), e.g. at t1, 12 and t3,
may only be one sample off from each other. If the timings
are too far off of each other (e.g. 2 or more samples apart),
the particular set of samples can be rejected from the
calculations if desired.

In the presently described example embodiments, as there
are toggling and ambient phases (e.g. 806 and 802 of FIG.
8), the ambient signal peaks and troughs cannot be obtained
at the same time as the R and IR peaks and troughs. As such,
individual signals for IR, R and ambient conditions are
“reconstructed” and analysed separately. This can also be
extended to a 3 phase sequence, e.g. IR condition on for 15
seconds, R condition on for 15 seconds and ambient con-
dition on for 15 seconds.

With the information from FIGS. 13(a), 13(), 14(a) and
14(b), a ratio R can be calculated by the following:
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where DCz+DC,,, is the DC value of one cycle of the IR
LED being turned on during the toggle sequence 806 (FIG.
8); n,,_,; is the number of sampling points within the t1 to
3 time frame, i.e. an average of the values is being obtained
(for DC measurements); AC,z+AC ,,, is the AC value of one
cycle of the IR LED being turned on during the toggle
sequence 806 (FIG. 8); DC,+DC ,,, is the DC value of one
cycle of the Red LED being turned on during the toggle
sequence 806 (FIG. 8); AC,+AC,,, is the AC value of one
cycle of the Red LED being turned on during the toggle
sequence 806 (FIG. 8); DC,,, 4, is the average DC value of
the ambient signal detected during the OFF condition 802
(FIG. 8); i, is the number of cycles taken for analysis and
AC is the average AC value of the ambient signal

avg.Am
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detected during the OFF condition 802 (FIG. 8). The gain is
set to be the same when both LEDs are turned ON. There-
fore, during calculations, the gain value cancels out and
therefore can be set as any arbitrary value.
The inventors have recognised that the relationship
between light intensity (I) and amplitude (A) is as follows:

Tos?
I=k4?
Hence,
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Therefore, using the intensity to amplitude relationship
above, where A2 is substituted with DC dvg Am , and the
ASl.g,mMm2 is respectively substituted with the square of
average values over an i, of the respectively DC or AC

calculations from the set of equations above.

o

kA

signal+am

2 (DCir +DCam)V

cycle

-DC?
icycle Avg,Am
(DCg + DCam) \2
cycle
DCg = ( = DClygam
icycte ”
Y (ACR +ACam) Y
cycle
ACpg = —AC g am
icycle ”
(ACR + ACam) V
cycle
ACy = - - AChgam
Leycle &
Typically,
ACg
DCp
= ACpz
DCg

Thus, in the above described example embodiment,
direct-current (DC) and alternating-current (AC) values of a
first (e.g. red), second (e.g. IR) and third (e.g. ambient)
signal waveforms can be obtained based on the respective
maximum and minimum values. The DC and AC values of
the third signal waveform can be average values obtained
over a plurality of cycles and based on the maximum and
minimum values of the third signal waveform. The ratio R
can be determined based on using the DC and AC values of
the first and second waveforms and the average values
obtained from the third signal waveform; and wherein the
ratio R is usable for referencing a lookup table.

With the ratio R, SpO2 or the saturation of hemoglo